Introduction
Engines are being designed to operate at higher temperatures and thus the thermo-oxidative properties of lubricants must be improved 1) . Among the synthetic base fluids which are being used are the polyol esters which have good viscometric, biogradability and lubricity properties and mix well with additives 2) . The polyol esters account for about one-fifth of the synthetic lubricants produced and the pentaerythrityl esters are amongst the most important 3) .
Thus in spite of higher costs to those enjoyed by hydrocarbon-based lubricants, they are increasingly in demand, in industrial applications as well as in automotive and aero engines 4) .
The development of the use of esters as lubricants depends, in part, on a thorough understanding of their autoxidation and other chemical mechanisms, the reactions which lead to their eventual degradation in high performance engines and under other harsh conditions. The autoxidation mechanisms of polyol esters present chemists with a formidable problem for even the mechanisms of the autoxidation of simple aliphatic esters have not been fully elucidated 5) . In this paper, the strategy we adopted to investigate the key features of the autoxidation of polyol esters will first be outlined.
The liquid phase oxidation of a series of neopentyl esters, chosen to model the more complex polyol esters used as lubricants, has been studied in two ways. In one, detailed product analyses, following reaction with oxygen in a closed reactor at elevated temperatures, allows for mechanisms to be proposed. In the second, the esters were reacted with two different alkoxyl radicals, the results leading to valuable information about the relative rates of attack on the various C _ H bonds. For example, it was found that attack could take place readily on both the alkyl and acyl groups in the ester and that the β-acyl C _ H bonds are more susceptible to attack than α-C _ H bonds.
To support the proposals for the mechanisms, details are given of experiments in which reactions of specific peroxyl radicals derived from esters were studied in detail and compared with similar experiments with alkylperoxyl radicals. The reactions of peroxyl radicals formed from esters are similar to those derived from alkanes and it is possible to use rate constants for reactions of alkylperoxyl and related oxygenated radicals to model successfully the reactions of the esterperoxyl radicals.
Overall the mechanisms for the autoxidation of the esters can be explained in terms of well-established mechanisms associated with the autoxidation of alkanes, as would be expected from the similarity of the peroxyl radical chemistry of the two systems. However, care has to be taken in accounting for the influence of the functional group which has a profound effect on the point of attack in the case of the autoxidation of the esters.
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Strategy Adopted for Studying the Autoxidation of Lubricants
Our first work was concerned with the elementary reactions of simple oxygenated radicals derived from hydrocarbons in solution, particularly the reactions of alkylperoxyl radicals. These are the key to the propagation and termination reactions in autoxidation processes 6) 9) and build on earlier work in our laboratories on their reactions in the gas phase 10) 14) . Subsequently, the reactions of peroxyl radicals derived from simple esters have been investigated in detail 15) , 16) .
In separate studies, the preferred sites of attack by oxygenated radicals on simple esters have been determined, to ascertain the influence of the ester functional groups on the relative reactivities of C _ H bonds along the chain 17), 18) .
As a third strand, the autoxidation of a series of relatively simple esters has been studied 19) and this is currently being extended to investigations on the autoxidation of some polyol esters 20) .
Self-reactions of Peroxyl Radicals
Peroxyl radicals are important chain carriers in autoxidation processes, being formed by the reaction of alkyl and related radicals and oxygen, for example:
The radicals propagate the chain by intermolecular (reaction (3)) or, in certain circumstances, by intramolecular (reaction (4)) reactions 21),22) , for example:
•O2QOOH Products (where QO is a carbonyl compound or an O-heterocycle). However, other reactions of peroxyl radicals have a significant effect on the rate of oxidation, namely their self-reactions, for they lead to termination as well as propagation steps. It was to these reactions that our studies were directed.
The radicals were generated in two ways, by photolysis of the relevant azo compound and ketone, both in the presence of oxygen ( Table 1) :
It is generally agreed that the self-reactions of peroxyl radicals occur via a tetroxide, formed in equilibrium with the peroxyl radicals 6),7),22),23) : 2RO2• [RO4R] (7) Tertiary tetroxides decompose to yield alkoxyl radicals:
[RO4R] 2RO• + O2 (8) However, while primary and secondary tetroxides can decompose similarly, they can also decompose by an alternative route, which yields an alcohol and a carbonyl compound, the Russell mechanism 23) :
[RO4R] ROH + R'R"CO + O2 (9) For example, diethyl tetroxide, formed from ethylperoxyl radicals yields ethanol and acetaldehyde 12),24) :
[MeCH2O4CH2Me] MeCH2OH + MeCHO + O2 (10) A third, but least important, self-reaction which is also, like the reaction above a termination process, leads to the formation of a peroxide and oxygen.
The self-reactions of peroxyl radicals derived from 14) , ethyl 12),24) , isopropyl 6) 8),10),11),13) and t-butyl 9) have been studied (the first two in the gas phase only). Further the self-reactions, in solution, of 2-acetoxyprop-2-ylperoxyl and of 2-methoxycarbonylprop-2-ylperoxyl radicals, ester analogues of the alkylperoxyl radicals studied, have been investigated in detail 15),16) ( Table 1) .
The time-dependent product distributions from the reactions of these systems, under varying conditions of temperature and oxygen concentrations, have been convincingly modelled by computer simulation.
In both the gas and liquid phases, the overall reaction for the self-reactions of alkylperoxyl radicals (reaction (11)) is second order and the temperature has a profound effect on the relative concentrations of products due to the significant difference in the activation parameters for reactions (12) and (13) .
At first sight, there are significant differences in the reactions of alkylperoxyl radicals in the liquid and gas phases. For example, in the photo-oxidation of 2,2'azopropane in pentane, the principal products, even in the early stages of reactions, when the oxygen concentration is at its maximum, are propane, propene and 2,3-dimethylbutane 8) . The concentrations of the oxygenated products, acetone, isopropanol and isopropyl hydroperoxide, which account for ca. 99% of the products in the gas phase 11) , account for only ca. 30% in solution 8) . Furthermore, the hydroperoxide, a major product in the gas phase, is barely detectable in the liquid phase. However, when the radical precursor is changed to the corresponding ketone, 2,4-dimethylpentan-3-one, the product distribution for the liquid and gas phases become more similar, even though the hydroperoxide concentration remains very low in the liquid phase 8) .
Another contrasting feature between the reactions of alkylperoxyl radicals in the two phases is the effect of oxygen concentration. In the gas phase, varying the concentration of oxygen affects the product distribution 11), 12) , whereas in the liquid phase, it has little or no effect 8), 9) .
Modelling experiments show that these differences arise from two effects, both caused by the solvent. First, the relatively small amount of oxygenated products formed when using azo componds in solution as compared to ketones (and indeed to when the azo compound are used in the gas phase) is due to the effect of solvent in the initial photolytic event. On photolysis, the azo compound yields nitrogen and two alkyl radicals 25) 27) . These are produced in a solvent cage and the radicals are subsequently partitioned between cage escape and cage reaction, the latter leading to the formation of hydrocarbons, for example, from 2,2'-azo-
(15) Alternatively, the alkyl radicals escape from the cage, and are rapidly trapped by oxygen to give alkylperoxyl radicals (reaction (2)). However, the photolysis of a ketone leads to a solvent-caged alkyl and acyl radical pair, rather than carbon monoxide and two alkyl radicals. These can undergo recombination, to reform the ketone, or metathesis within the cage 8) to form propene and isobutanal. Cage escape, again leads to oxygenated products.
Secondly, the major difference in the effect of oxygen pressure on the relative composition of the products from both the liquid phase (whether an azo compound or a ketone is used) and the gas phase systems, and the difference in the yields of hydroperoxides again lies in the role of the solvent, for its concentration is very high compared to that of oxygen. In the liquid phase, both solvent and oxygen compete for the alkoxyl radicals, formed from the self-reaction of alkylperoxyl radicals, for example:
Although the rate constant for reaction (16) 28) is much larger than that for reaction (17) 29) , the relative concentrations of solvent to oxygen are such that reaction (17) is the preferred route. In the gas phase, reaction (16) is dominant and this in turn leads to the reaction between alkoxyl and hydroperoxyl radicals to form the hydroperoxide 11) . Nevertheless, at lower oxygen pressures, there is increasing competition between the hydroperoxide (reaction (18)) and oxygen (reaction (16)) for the alkoxyl radicals, for example:
Me2CHOOH + Me2CHO• Me2CHO2• + Me2CHOH (18) This is manifested by considerable changes in the ratio of yields of alcohol and hydroperoxide as the oxygen pressure decreases in the gas phase reaction, something not observed in the liquid phase.
The effect of temperature on product distribution in the gas phase is accounted for by the different activation parameters for the self-reactions of the alkylperoxyl radicals, for the Russell mechanism (reaction (9)) has a lower A factor and lower energy of activation than reaction (12) 11),12), 14) . Thus although reaction (9) has a lower activation energy than reaction (12) , it will only be relatively faster at low temperatures for the entropic demands for the reaction on going from the reactants to the transition state are much greater than for reaction (12) . Consequently, at higher temperatures, reaction (12) becomes dominant. The reaction mechanism must take account of these competing selfreactions of peroxyl radicals for reaction (9) is a termination reaction and reaction (12) propagates radicals.
Not only does this apply to the liquid phase but additionally, the changes in solvent viscosity on changing temperature affects the ratio of cage to non-cage reactions 8), 9) .
The mechanisms of all the liquid and gas phase systems were tested, using a computer modelling program, and satisfactory results were obtained for the variations in product distribution observed as the temperature and oxygen pressure are altered. Further variations observed for the liquid phase system on changing the radical precursors and reactor surfaces, pyrex glass and stainless steel, could be accounted for.
The reactions in the liquid phase were first carried out in a pyrex reactor so that the results could be compared directly with the earlier gas phase experiments. Subsequently, they were repeated in a steel reactor to simulate more nearly conditions experienced in an engine. There were small differences in rate but the relative product distributions were unaltered.
Although the solvent plays a major role in liquid phase reactions in determining the product distribution, the overall chemistry and, in particular, the rate data for the reactions of alkyl, alkoxyl and alkylperoxyl radicals are remarkably similar in the two phases. This is highly significant for there is a large corpus of available and reliable rate data for these radicals in the gas phase which can be used, with confidence, in the liquid phase.
This proved to be of overriding importance when we investigated in the self-reactions of peroxyl radicals derived from esters. Two of these radicals were chosen for detailed study, 2-methoxycarbonylprop-2-ylperoxyl (A) and 2-acetoxyprop-2-ylperoxyl (B), modelling radicals which would be formed by α-acyl and α-alkyl attack on a pentaerythrityl alkanoate, respectively.
Two precursors were used for each radical, the relevant azo compound and ketone ( Table 1) . There is a remarkable degree of similarity in the behaviour of the precursors on photo-oxidation with those used to generate alkylperoxyl radicals. Thus from trans-2,2'dimethoxycarbonyl-2,2'-azopropane (C), the principal products are methyl isobutyrate, methyl methacrylate and dimethyl tetramethylsuccinate, the equivalent of isobutane, isobutene and 2,2,3,3-tetramethylbutane formed in a solvent cage from the photolysis of 2,2'azoisobutane. The most important oxygenated product from the esterperoxyl radical (A) is methyl 2hydroxyisobutyrate, the equivalent of t-butanol formed from t-butylperoxy radicals 9) . The proportion of oxygenated: non-oxygenated radicals in the systems increase on increasing the temperature and decreasing the viscosity of the solvent. Likewise the principal products found on the photo-oxidation of trans-2,2'diacetoxy-2,2'-azopropane (D) are 2-propyl acetate, 2propenyl acetate and pinacol diacetate and the major, oxygenated products (present in much smaller amounts) are acetone and acetic acid, formed in equimolar concentrations. The oxygenates are accounted for by the self-reaction of the peroxyl radicals (B) and the resulting alkoxyl radical reacting with a solvent molecule, or direct via a Russell-type reaction, to form an unstable hydroxyl species (E) which decomposes to acetone and acetic acid.
When the ketones are used as precursors, the oxygenated species are dominant. The only hydrocarbonlike compounds formed, and then only in very small amounts are methyl isobutyrate from dimethyl 3-oxo-2,2,4,4-tetramethylpentanedioate and isopropentyl acetate from 2,4-diacetoxy-2,4-dimethylpentan-3-one. This is a similar result to that obtained on the photooxidation of 2,4-dimethyl-3-pentanone 8) and 2,2,4,4tetramethylpentan-3-one 9) where small amounts of propene and isobutene, respectively, were observed, even in presence of large concentrations of oxygen. As discussed earlier in this paper, these compounds are formed within a solvent cage, after initiation, between the acyl and alkyl radicals: a similar process clearly occurs in the more complex ketone systems used in the esterperoxyl studies.
The product distributions for the two azo and two ketone systems, leading to esterperoxyl radicals were simulated. The rate constants chosen were those for their alkyl analogues and these gave very satisfactory results, thus allowing their use when tackling the mechanism of autoxidation of the complex esters used as lubricants.
Preferred Site of Attack by Oxygenated Radicals on Neopentyl Esters
There is no general agreement about the preferred position of initial attack during the autoxidation of esters. For example, Jensen et al. found that hydrogen abstraction reactions on pentaerythrityl tetraheptanoate occur on the acyl groups 30) , particularly at the β and subsequent positions, a result in harmony with the work of Aldrich et al. and Sniegoski who also investigated
the relative rates of attack on different sites in the ester 31),32) . Chao et al. found that lengthening the chain in pentaerythrityl esters from pentanoate to octanoate reduced the induction period significantly 33) .
Others have reported that attack on the alkyl groups of the ester lubricants is important 34), 35) .
As with the esters of pentaerythritol, earlier studies with simple aliphatic esters are not self-consistent 5),36) 38) in terms of whether the alkyl or acyl sites are more reactive towards oxygenated radicals. In view of these inconsistencies, the relative rate data for the reactions of alkoxyl radicals, which play a crucial role in autoxidation processes, with the various C _ H sites in an ester molecule were determined, using a range of neopentyl esters as the substrates. Two alkoxyl radicals were chosen, t-butoxyl and cumyloxyl and six esters were chosen as substrates, the neopentyl esters of butanoic (1), 2,2-dimethylpropanoic (2), 3,3dimethylbutanoic (3), 2,2-dimethylbutanoic (4), 2methylbutanoic (5) and 2-methylpropanoic (6) PhMe2COH + R• (23) One approach to determining the position of initial attack on the ester is to measure the yields of products from the alkoxyl radical. The ratio of yields of the alcohol and ketone, for both peroxide systems, gives the ratio of rate constants for decomposition of the alkoxyl radical and the abstraction reaction on the ester by the radical. This assumes that the site of the initial attack on the ester is fixed and that once formed, the radical cannot rearrange either by an inter-or by an intra-molecular process. The ratio of rate constants k21/k20 and k23/k22 for each ester were obtained for the six esters 1-6.
For a given temperature, the ratio of rate constants for the t-butoxyl system is always smaller than that for cumyloxyl as would be expected for the latter decomposes at a much faster rate than the former. Nevertheless the ratio of the two ratios at a given temperature is constant. This shows that, assuming the fragmentation rates at a given temperature are independent of the ester substrate, the rate constants k21 and k23 are similar and that the rate of hydrogen abstraction is effectively independent of the structure of the alkoxyl radical. This is particularly important because the values of alkoxyl radical abstraction reactions can be estimated in modelling experiments in more complex ester autoxidation systems.
As the fragmentation rates of an alkoxyl radical are not affected at a specific temperature by the ester substrate, it is possible to use the ratios k21/k20 and k23/k22 to compare the overall reactivity of the six esters with alkoxyl radicals. In turn, the rate constants k21 and k23 are a summation of the values for reactions at each individual site on the ester molecule. Thus, for example, k21 is given by the relationship k21 = akprim-alk + bkα-alk + ckα-acyl + dkβ-acyl + ekγ-acyl + fkprim-acyl Where kprim-alk, kα-alk, kα-acyl, kβ-acyl, kγ-acyl and kprim-acyl are the rate constants for attack on the C _ H bonds in different environments and a-f refer to the number of hydrogen bonds of each type. The data from the reactions of the alkoxyl radicals with esters 1-6 were then used to provide information about the relative ease of hydrogen abstraction from the different sites.
Comparison of the values of k21/k20 and k23/k22 (Tables 2 and 3) for the reaction of neopentyl 2,2dimethylpropanoate (2), which only contains primary and α-alkyl secondary hydrogens with the other esters which also contain αand β-acyl hydrogens, strongly suggest that the α-alkyl hydrogens are susceptible to attack.
Comparison of the results for ester 2 and neopentyl 3,3-dimethylbutanoate (3) shows that the additional αacyl group does not make a significant difference to the ratio of rate constants, k21/k20 and k23/k22, suggesting that the alkoxyl radicals attack α-alkyl in preference to α-acyl hydrogens. The data comparing esters 2 and 3 with those from neopentyl 2,2-dimethylbutanoate (4) shows that β-acyl hydrogens are more reactive than the α-acyl hydrogens and those from neopentyl 2methylbutanoate (5) show that, as expected, a tertiary C _ H is most highly susceptible to attack. This qualitative analysis provided a strong basis for attempting to quantify the results. From this and generally accepted O O data in the literature, relative rate constants were estimated and tested against the experimental data ( Table  4 ). The estimated rate data for k21 and k23 for all the esters studied, were then expressed relative to ester 1, are remarkably similar for both alkoxyl radicals (reactions (21) and (23)) and also correspond to the experimental results obtained in this study (Tables 2-4) .
Small amounts of products with molecular ions with [m/z = (2 × mass of ester) − 2] were detected by GC/ MS. A gas chromatogram of these products from the thermolysis of di-t-butyl peroxide in ester 1 at 438 K is given in Fig. 1. They are labelled A1, A2, B1, B2 , C1 and C2, each pair being diastereoisomers arising from the dimerisation of secondary ester radicals. Importantly only 6 of the 21 possible radical dimers were detected. A1 and A2 were prepared and identified as stereoisomers of dineopentyl 2,3-diethylbutanedioate, meso-and (±)-threo. An almost identical distribution of products was obtained using dicumylperoxide and ester 1. The other neopentyl esters also gave radical dimer products, the distribution of which being independent of the peroxide used.
On lowering the temperature, not only did the relative proportions of these isomers alter but more isomers were detectable. For example, at 298 K, photolysis of a solution of di-t-butyl peroxide in ester 1 yielded at 6 J. Jpn. Petrol. Inst., Vol. 46, No. 1, 2003 Table 5 ). The observed selectivity at 438 K at first seemed surprising, given the results from the studies of product distributions at the lower temperature. Diastereoisomers can only be formed from ester 1 by combinations of the three secondary radicals (αand β-acyl and α-alkyl). The major products A1 and A2, identified as described above, show that under these conditions the α-acyl radical was in considerable excess over the other possible species, and it therefore appeared that the other four isomers were formed by cross-dimerisations of the α-acyl radical with the βacyl and the α-alkyl radicals. The products from the reactions of esters 2-4 can be rationalised in a similar way. It should be noted that the ester radicals are not simply produced by reactions between the ester substrate and alkoxyl radicals (reactions (21) and (23)). The latter radicals also fragment (reactions (20) and (22)) and to different extents as shown by the formation of methane. This was determined quantitatively and showed that almost all of the methyl radicals can be accounted for as methane and thus abstraction from the parent ester is their most important reaction. As alkoxyl and alkyl radicals are electrophilic and nucleophilic, respectively, one would expect their different selectivities for C _ H bonds to show up 38),39) when comparing the behaviour of esters towards the two different peroxides.
The evidence from the experiments in which t-butyl peroxide decomopses in the esters points to the ester radicals which are formed, reacting with the substrate (the parent ester) between their initial formation and dimerisation. These reactions occur many times, at 438 K so that the products do not reveal the identities of the initial sites of abstraction but rather the thermodynamic equilibrium distribution of ester radicals (Scheme 2). As the temperature is lowered, the rate of reaction between the ester radical and ester molecule becomes slower and thus the number of dimers increases. At 298 K, this kinetic effect becomes dominant.
To confirm the existence of this intermolecular rearrangement, we examined the fate of an α-acyl ester radical under the reaction conditions by thermolysing neopentyl 2-bromobutanoate in ester 1 at 438 K. This ester yielded the six isomeric radical dimers in similar proportions to those obtained using the two peroxides.
These experiments allow one to conclude that (i) at high temperatures, ester radicals in the presence of their parent ester rearrange by hydrogen abstraction, (ii) as a result, the dimer product distribution is an unreliable indication of selectivity of attack by radicals on the ester molecule and (iii) where radical equilibration is complete, the most stable ester radical is α to the carbonyl group.
The Autoxidation of Aliphatic Esters
Esters 1-5 were chosen for the autoxidation experiments because, as described above, the neopentyl group models the alkyl core of the pentaerythrityl esters and the acyl groups allow for comparison of various C _ H sites. They were heated to 438 K in a sealed stainless steel autoclave 19) under oxygen before being subjected to detailed analysis for reactants and products. Each product was identified by MS and the spectra checked with those from authentic samples, most of which were 7 J. Jpn. Petrol. Inst., Vol. 46, No. 1, 2003 Table 6 gives examples of results from the five esters. A more comprehensive set of results has also been published 40) . The results show product analyses prior to and following treatment with triphenylphosphine which enables the concentrations of hydroperoxides to be determined 19) . The total minimum yield of each hydroperoxide is given by the sum of the increase in the yield of the corresponding alcohol and that of 2,2-dimethylpropanal following the treatment of the products with triphenylphosphine. Comparison of these yields and the total yield of peroxides (hydroperoxides, peracids and hydrogen peroxide) measured separately 41), 42) indicates that hydroperoxides are clearly the most dominant peroxide produced. In general, the results suggest that the mechanism of autoxidation bears a very strong resemblance to that of alkanes and that the fates of the radical intermediates and molecular products are similar for the two classes of compound. For example, hydroperoxides are formed early in the reaction and high yields of car-bonyls and acids are obtained subsequently. This finding accords with the results reported earlier in this paper which showed that the esterperoxyl radicals behave similarly to the corresponding alkylperoxyl radicals. The autoxidation of ester 1 will be discussed first and specific points on the other esters will follow.
The hydroperoxides are produced from the parent ester via esterperoxyl radicals, which are the main chain carriers early in the reaction (cf. reactions (1)-(3)). Five isomeric hydroperoxides are formed in the Table 6 ). Three secondary (1a, 1d, 1g ) and two primary (1j, 1q) hydroperoxides are produced which on treatment with triphenylphosphine lead to an increase in the yield of 2,2dimethylpropanal (Scheme 3), hydroxyesters, 1e, 1h , 1r and the γ-lactone 1l (Scheme 4) .
Esterperoxyl radicals, as has been discussed earlier in the paper, can combine to form tetroxides (reaction (7) ) which then yield alcohols and carbonyl compounds (reaction (9)), and alternatively, alkoxyl radicals (reaction (8)). A large array of products will arise, given that there are five different esterperoxyl radicals and that these can self-and cross-react. Thus five alcohols are formed, 1b, 1e, 1h, 1k, 1r, 1b and 1k are not observed since 1b decomposes readily to 2,2-dimethylpropanal and butanoic acid (Scheme 3) and 1k rapidly cyclises to 1l (Scheme 4) .
The alcohols are matched by the corresponding carbonyl compounds. Thus the ketoesters, 1f and 1i, correspond to 1e and 1h, and the anhydride, 1c, which corresponds to 1b decomposes (reaction (24)).
(24) Alkoxyl radicals, as discussed above, play a very important role in the autoxidation process and the results with t-butoxyl and cumyloxyl show that they will attack all the C _ H sites of the ester molecule (reaction (21)). They also react with hydroperoxides (reaction (18)), a process that becomes increasingly important as the reaction proceeds. In competition with these reactions, alkoxyl radicals undergo β-scission.
Three types of secondary alkoxyl radicals are intermediates in the autoxidation of ester 1. The α-alkylalkoxyl radical preferentially undergoes carbon _ carbon bond cleavage to form the t-butyl radical and a mixed anhydride (reaction (25)) 43) . The anhydride is hydrolysed by water or reacts with an alcohol to give an ester and a carboxylic acid. This is one of the routes to the product, neopentyl formate. (25) The major route for the fragmentation of the α-acylalkoxyl radical will be to form the neopentylcarbonyl fragment and propanal (Scheme 5) and that for the βacylalkoxylradical [based on the behaviour of simpler alkoxyl radicals 44) ] is to react to form the resonance stabilised neopentoxycarbonylmethyl radical (reaction (26)), which in turn, leads to 1m and 1n, both of which are observed amongst the products.
The hydroperoxides decompose by homolytic and heterolytic cleavage of the O _ O bond, under the reaction conditions. Radical pathways yield alkoxyl radicals which react as described above. A major non-radical decomposition pathway involves the elimination of water: primary and secondary hydroperoxides yield aldehydes and ketones, respectively. The 2-hydroperoxyester, 1d, rearranges and decomposes (Scheme 6) to yield propanal and carbon dioxide ( Table 6) and carbon dioxide (Scheme 7) ( Table 6 ).
The yields of hydroperoxides increase in the early stages of reaction and then decrease, as the reaction between the hydroperoxide and alkoxyl radicals becomes more important (reaction (18)) 10) 12) .
The hydroxy-and keto-esters, for example 1e and 1f, are formed in comparable and significant amounts ( Table 6 ). However, 1h appears to be formed in larger amounts than neopentyl 3-oxobutanoate, 1i, and it was shown that the latter decomposes, readily, probably via its enol tautomer, to neopentanol, carbon dioxide and acetone (Scheme 8).
It is likely that the keto-and hydroxy-ester products will be oxidised faster than the substrate esters 19) and that the hydroxyesters will be oxidised in a similar way to alcohols (Scheme 9). Similarly, 2-and 3-keto-esters, 1f and 1i, will be autoxidised via the established routes for those of ketones (Schemes 10 and 11) 45), 46) .
The two major products, butanoic acid and neopentanol could be formed by hydrolysis of 1 but independent experiments with water and water with the proportions of acids formed during the reaction, under nitrogen, show that the alcohol and acid are formed by an oxidative pathway. Butanoic acid is likely to be formed via Scheme 12, a route suggested for the formation of acetic acid in the autoxidation of pentyl acetate 47),48) and carboxylic acids from polyol esters 34),49) . Another route to butanoic acid also involves α-alkyl oxidation via the decomposition of 1b the α-hydroxyalkyl ester, discussed earlier (Scheme 3).
The formation of neopentanol can be accounted for in a several ways. Non-radical pathways have been described (Schemes 6 and 7) . Other non-radical routes include the lactonisation of 1k (Scheme 4) and the decomposition of 1i (Scheme 8). Radical pathways to neopentanol are also possible, for example from the fragmentation of the ester α-acyloxyl radical which yields the alkoxycarbonyl radical, which in turn, decarboxylates to the neopentyl radical, by the mechanism proposed by Itoh et al. 50) . The neopentyl radical is then oxidised to the alcohol (Scheme 5). The alkoxycarbonyl radical will be sufficiently long lived to abstract a hydrogen atom to form another observed product, neopentyl formate. However, this mechanism will not be a dominant one, as the neopentoxyl radical fragments readily to the t-butyl radical and fomaldehyde (reaction (27)) 51) . (27) Initial attack on the primary C _ H bonds has not yet been discussed. Although they are stronger than the secondary C _ H bonds, they are nevertheless more numerous. The hydroperoxide, 1j, is observed the concentration of the lactone, 1l, which is produced from the alcohol, 1k, builds up during the reaction. The hydroperoxide, 1q, and the alcohol, 1r, are also formed. Further the reactions of 1q lead to the removal of one carbon atom from the tertiary centre to form eventually the hydroperoxide, 1s (Scheme 13). 1s, in turn, forms the alcohol, 1t.
Two other major products from the autoxidation of 1 are acetone and t-butanol. The main source is the tbutyl radical and there are three potential routes to its formation, the radical oxidation and decarbonylation of 2,2-dimethylpropanal 52) , the fragmentation of the αalkylalkoxyl radical [from α-alkyl oxidation (reaction (25))] and from the fragmentation of the neopentoxyl radical (reaction (27)) 51) . All these are derived from the neopentyl group of the ester. The t-butyl radicals oxidise rapidly to t-butoxyl which can fragment to acetone or abstract a hydrogen atom from hydroperoxides or the ester substrate to yield t-butanol.
The autoxidations of esters 2, 3 and 4 were studied because it is then possible to compare the effect of changes in the acyl moieties systematiclly. In general, corresponding products were obtained to those found from ester 1. For example, 2 yields three hydroperoxides 2a, 2o and 2q. Similar results were obtained from esters 3 and 4. Further a corresponding range of alcohols and ketones were observed ( Table 1 ) and the corresponding aldehydes from primary attack are not seen due to their enhanced susceptibility to oxidation compared to many of the other products.
Using the rate of consumption of the ester as a crude measure of the order of reactivity of the esters towards autoxidation, the order is 1 > 4 > 3 > 2 40) . In spite of blocking all the secondary sites on the acid moiety, the rate of oxidation of 2 is only reduced by a factor of 2-4 compared to esters 3 and 4, suggesting that α-alkyl attack is very important and/or significant reaction occurs at the primary C _ H bonds. Further the blocking of the β-acyl secondary carbon, as in 3, has a greater effect on the rate of oxidation than blocking the α-acyl positions. This agrees with the evidence from the study of alkoxyl radicals on the esters described above ( Table 4) .
All four esters 1-4 give similar products in spite of altering the structure of the acyl group. Not surprisingly, the products formed from the alkyl group, for example, the parent acid, are similar (Scheme 12). Blocking either the αor the β-acyl position does not prevent acyl group oxidation processes leading to neopentanol, in agreement with the multiple routes to this product (Schemes 5-8). On closer examination, it is clear that the yield of neopentanol from 2 is particularly low. This is readily rationalised in terms of the blocking of the α-acyl positions and the only routes are via oxidation of the less reactive β-acyl primary C _ H bonds (Schemes 7 and 8) .
Two of the key products in the autoxidation of 1 are the hydroperoxyesters, 1d and 1g. Based on the work of Jensen et al. 53) , we propose that 1g subsequently decomposes to neopentanol, acetone and carbon dioxide (Scheme 7). Blocking the β-acyl position unfortunately does not block the formation of these products since they can come from other routes. Support for Jensen's mechanism comes from the oxidation of 4 which, by reaction via 4g gives large concentrations of 3-methylbutan-2-one. β-Ketoesters corresponding to 1i cannot be obtained from 2 and 3, but, 4i is obtained from 4, indeed in higher yield than for 1i from 1, for 4i is unable to enolise and is consequently stable to decarboxylation 54) (Scheme 8). Thus 4i dominates over 4h, whereas 1h is in excess over 1i. The relative stabilities of 1i and 4i was confirmed with separate experiments 19) .
The mechanisms proposed for the autoxidation of esters 1-4 were tested by carrying out parallel experiments with neopentyl 2-methylbutanoate (5). The autoxidation was significantly faster than that of ester 1, the most reactive towards autoxidation of the four esters previously studied, as would be expected from the presence of the tertiary C _ H bond.
Again, as expected, the major products are 5d, 5e
and 5f from attack at the tertiary C _ H position. Attack at the α-alkyl site is still very important to judge from the high yield of 2-methylbutanoic acid ( Table 6) . This agrees with the results obtained from the reactions of alkoxyl radicals with these esters 17) .
Assuming that the parent acid comes from the oxidation of the alkyl group, it is possible to compare the relative rates of product formation from 1 and 5 ( Table  7) . The most significant differences are in the increased rate of formation, from 5, of carbon dioxide, the 2-hydroxyester (5e), the 2-ketoester (5f), acetic acid and 2,2-dimethylpropanoic acid. The increased rates of formation of carbon dioxide, 5e and 5f are expected from the increases selectivity for the tertiary α-acylalkoxyl radical (Scheme 14).
Summary
In this paper, we have discussed several different methods of determining the chemical pathways occurring in the early stages of ester autoxidation. The esters chosen have different structures in the acyl group. The same alkyl group was chosen, neopentyl, that imitates that found in the polyol esters that are used as lubricants.
Detailed studies of the reactions of oxygenated radicals derived from esters, in particular, esterperoxyl radicals, show that they have very similar chemistry to the well-characterised reactions of oxygenated radicals derived from alkanes. Thus it is no surprise to find that the results for the autoxidation of the neopentyl esters are explicable in terms of reaction mechanisms that are associated with the autoxidation of alkanes.
The similarities and differences in the behaviour of the five esters towards autoxidation can be explained in terms of the relative reactivities of the various C _ H bonds in the esters as determined from our experiments between esters and alkoxyl radicals. In particular, there is attack on both the alkyl and the acyl groups, and primary C _ H bonds play their part. Further, the β-acyl C _ H bonds appear to be more susceptible to attack than the α-acyl C _ H bonds. Thus, with the two main threads of evidence, namely the similarity in general behaviour, on autoxidation, of alkanes and aliphatic esters, and the clearer guidelines on selectivity of attack by oxygenated radicals on esters, it is now possible to gain detailed information on the mechanism of the autoxidation of polyol esters used as lubricants.
